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[57) ABSTRACT

A nonlinear optical apparatus is provided with a multi-
ple layer heterostructure made from alternate layers of
a charge carrier semiconductor material having a nar-
row bandgap energy, and a charge barrier material
having a wider bandgap energy than the charge carrier
material. The layers are deposited one upon the other in
substantially flat planes forming a series of potential
barriers. The potential barriers are capable of confining
charge carriers which arise within the layers of the
charge carrier semiconductor material to remain sub-
stantially therein. The optical absorption coefficient of
the multiple layer heterostructure exhibits at least one
sharp resonant optical absorption peak near the semi-
conductor material bandgap absorption. A light source
is restricted to provide a beam of light photons of en-
ergy near the energy of the sharp resonant optical ab-
sorption peak for promoting production of charge carri-
ers within the charge carrier semiconductor material.
The light photons are directed into the multiple layer
heterostructure so that the light photons may saturate
the optical absorption coefficient and thereby cause the
index of refraction of the multiple layer heterostructure
to vary with incident light intensity.

20 Claims, 41 Drawing Figures

".

Ut PEE GUIDING

cs LAYER

/53:4:!

IIIIIII

¢ HELTE J L et Hir -l

53

\\\\\
\\\\ -

;F
.
I‘I

\\ :

IIIIIIIIIII.J’IIIII)"IIIIIIIIIIJ

539 524

L

4

/

520 LOWER GUIDING
\\ _AYVER
" CONTROL LIGHTBEAMS
\ 541



U.S. Patent Jul 1,1986 Sheet I of 21 | 4,597,638

FIG. |

146 ~

124
- 20

ALGa _, AS

™~110

O\ SUBSTRATE




U.S. Patent  jul 1, 1986

1 Sheet 2 of 21 4,‘597,638

FIG 3

130-1 - ’ GAAS
134-1— :l -. ﬁ e
130-2 - /a (081 -x A
'3?;% W///W /77
134-3 - ,
130~(N-1) \ ————— . GOaAs
34-N V1L AL xGO _yAS

130-N "1

Ga AS



U.S. Patent ”Jul. 1, 1986 Sheet 3 of 21 ' 4,597,638

FlG. 4

. - PHOTON ENERGY (eV) _
4 5 6
IO“‘ | T=300°K :
GQAsS 152 151 14

ABSORPTION COEFFICIENT (IOBthl)

WAVELENGTH (nm)

FIG. 5
] T=97°K

| 1 maw |
O ! LOW TEMP
° 'r ' 14
~ T=300°K

=g |

W 170 N
| 2 i

o MQW

o 5F RoOM TEMR || \ [ >
-

D I —

o

S i
= |

jam

' b

o |

L2 0F I | -1 0
- < SN TSN TRV NS TR SN WOt S E T N

- 850 800

WAVELENGTH (nm)



‘U.S. Patent  juL1,1986  Sheet4of21 4,597,638
' B INCIDENT POWER (mW) ' '

- FIG 6  00I o o 0
. 186 -
- - GAAS |

80 | l
- .' |

07 100 1000 10,000 (00,000
EFFECTIVE AVERAGE INTENSITY (W/cm?)

FIG.7 4| l,
aL 155 o
| |
>
Q>
E »
e 2+ . =
0 100 200 - 300

- TEMPERATURE (K)



U.S.Patent ju.1,198  Sheet5of21 4,597,638

 FI1G 8

ENERGY _-
CONDUCTION BAND 206
% %o/
e L _ [
(-7 e DA T
200 3
o | ) B EG
190- 200, Ol
o - 204 | - LL-196
92
E i _
_ _. DTV 208
VALENCE BAND '
FIG. 9
. INDIRECT _
4L CONDUCTION - e
b BAND TRANSITION DIRECT CONDUCTION
L 3F 212 -~ _-BAND TRANSITION
L .
s 2 R
= L -_/2|.6
= o
wEEN ' q ~ INDIRECT CONDUCTION
z | ~ BAND TRANSITION
L2 o _ _ - " 214 | _
S ok SPlélg;J%FF —HEAVY HOLE BAND
s _ o |
D4 - LIGHT-HOLE BAND
T/a __ o - 2m/a '

— [— F—— [100}——



U.S. Patent JuL 1, 1986 ' Sheet6 of21 4,597,638

FlG. /10
220 ~_ -
- 30F T=297K 254
B A'xGﬂ I_XIAS
S| D
. KA 1 | 232 | ’!:____, """
a X e X
.._E =‘900 A E =2|68
5 2 L..--g---"*::)f"" _/ ¢ ?
= e 226
& = L) 708
Ll -G
= . o :
- Eq=1.424 230 222
. i) R S I S N R
-0 0.5 o 0
GaAs MOLE FRACTION X AlAs
FIG. 11
243
85% 250 _ S
252 oo B CONDUCTION BAND
' 242 —~
e ——r— . . EG
GaAs 240 { Al Ga_x As
' — 246 o
248 245 ' . VALENCE BAND _
GaAs 5 /O. AlxGi-x As ' '

244

DISTANCE INTO GaAs lj DISTANCE INTO AlyGa -y As



- US. Patent  jul1,198 Sheet7of21 4,597,638

FIG. 12

5
=
Z
e
-,
<
| E 4
&
Li_
-
> 3
L1} |
-
) 2_
< | |- | |
g 0-—.__1__ — e A
0 I 2 3 4 5
- hw PHOTON ENERGY eV
-F1G. 13
' 9? i 260A LOW EXCITATION
=L 260B MEDIUM EXCITATION
o 260 _ .
% 260C HIGH EXCITATION
< - .
& I
L. o 1 l i - -
~ RESONANT ENERGY 265~ fw PHOTON ENERGY eV
_ - 262A LOW EXCITATION
S F Al 2628 MEDIUM EXCITATION
S 262C HIGH EXCITATION
3 _ _
% |
e ~ 262 '
><
Le) | |
L _ , __
<o | i | | |
L . I I | _l_l.__,l___l__l_-__
K T

RESONANT ENERGY 265 hw PHOTON ENERGY &V



‘U.S.Patent jul.1,1986 Sheet8of21 4,597,638

FIG 14

AL, GQ| -y AS
_ 134
. ' . e
AEe 134~ 34-2 / 1343/ 134-4/ 515
202 - G CONDUCTION BANDS
~—— 240 it
£~ ;1 -200 S200 Ta000 - C200 | Cooo o
_ S _ -  — o — | |
AEy T\ 1305 ) — 4 VALENCE BANDS
274 - _ .
GaAS
T DISTANCE PERPENDICULAR
TO LAYER PLANES
_ FIG. /5
ALP___ (ALP -
4 - 40.517
10.620 o
=
Q
- -
| )
10775 5
-

ENERGY GAP IN ELECTRON VOLTS




~ U.S. Patent l Jul. 1, 1986

Sheet9of21 4,597,638

FlG. /6
1.47) - 317
318~ 7
- |.4F e )
| /
L 3F ;7
= /
r s, o 10
> 1 - \/ 313 ~
o S/ ] s‘i
UZJ.. Bl /// 3 ;
?:E | / 11.2 &
w | OF OL - 5
- ' / | 313 d
Z 0.9- ’ s, <
s / 313 {14 =
BT AN Tk 11.6
3161
| 0.71
33— o.y 0.2 0.3 04 34
[N0,53000.47 AS Al CONTENT y [Ng.52 Abo.4ghS
310
F1G./9 Inj_x-y Gay ALy As
r348 N - ZrrzrrrrIrrrrrrrrrrzs 346 -N*|
_ i
- CrzZzrZIZYIr 22X FTYA-—340-N |
SMALL,_)/_ | o : 34 LARGE Y
| | ! | -
| - | -
NARROW 540 _3 ZzrrIrrFrrIrrIrIZIZZZA— 340 -3 WIDE
BANDGAP | 348-2 ¢ e ——— - BANDGAP
| | ZXIr I XTI I I I I IIIITTRY 346~ 2
348 348 - | —= M ————————— 346
L | CRIIFTIIIIIIIIZIIIIN— 3346 — | J

3497 L_————I " InP SUBSTRATE



U.S. Patent  juL1,1986 © Shect 10 of21 4,597,638

FIG.17

WAVELENGTH, \ (MICRONS)

_ -330
100 . flo™

= ~1 N A A I LT L
M A
33~ MEASURED LOSS
. ~._  OFFIBER | _
C1oF - - |
i R NG ) ABSORPTION
OPTICAL 2 AN ‘——DUE TO 5i-0
FIBER X | SCATTERING N\ . BOND
LOSS o |}  LOSS , _
| e | N
- 334—A - 336
S N
— OI' ,.! \
;o
| | f’ \\ | | |
- | I ‘\ 331
O ' | [ i 1 L3 /'i‘
S50 5 16 05 0
PHOTON ENERGY, " E(eV)
FIG. /18
=z
e E .
ez
OPTICAL a ' _gal
FIBER g_f:_. 8
~ DISPERSION “;Jf_; 16k
| 2 5
x 1, -24f - 342 |
EE YA
= -37 - B )
.0 .2 1.4 16

WAVELENGTH X (MICRONS)



- US. Patent  Jul1,198 ~ Sheet11of21 4,597,638

FlG. 20 | I EG73.0

GayLry yPyhs,.. 364

BANDGAP IN ELECTRON VOLTS

InAs _
330 \1OLE FRACTION

F/G‘.E/ — fAleG[_x)YInl_yP N

*_A|xGa|'__xAs | | |
—--?GdAsySb,_y(COMPOS!TION GRADING)
| (Aleu|_x)th|_yAs
— Gayln P\/Asl"y - > 300K

—r (A'x_Gﬂ[_'x)yInl_ySb
- * I nAs

* InAsg g23bg 3

) ¢ InAsnaSbn na
(PbS_y Se, 0917%0.09

4-100K<Pb|_ySn,Ts ~ ——
~{ PbjySnySe !

. — S EUSS TS WS N S h—

WAVELENGTH,A ( MICRONS)

-7




U.S. Patent Jul.1,1986  Sheet120f21 4,597,638

FIG. 22

GaAs - ALy60,_, AS MQW OPTICAL ABSORPTION
DATA FIT BY TWO EXCITONS + INTERBAND CONTINUUM

e 1210%ra .

° 390 '

g. |0.|0*3 DATA POINTS.

] -

- o

3
@ 390

~ 5.10 -
S ' 396
= INTERBAND CONTINUUM
. ' EXCITON

= _

g : A

1435 1445 1455 1465 | 1475 1485

' how
nGY ev \EB .
PHOTON ENE s



U.S. Patent  juL 1,1986

NARROW
SANDGAP
400

NARROW

BANDGAP

400

406

#h

= L\ suBsTraTE

| 406

“}\SUBSTRATE

Sheet 13 of 21 4,597,638

WIDE
BANDGAP
404

WIDL.
BANDGAP

404




U.S. Patent Jul 1, 1986 Sheet 14 of 21 4,597,638

FIG. 25 : d4430 '
- a2

42|
_ . ...5 D
428
433
434 422
. . FIG. 26 .
. OPERATING CHARACTERISTIC OF A
44
490 BISTABLE FABRY-PEROT CAVITY
T
T,
= F
) 450
Z
)
ud
-
=
% C
= | | |
< A H B 448
= 444 458 440 '-
INCIDENT INTENSITY Q42
FIG. 27 f -
' —e 4
S .426 478 i
424 420A 1224 433

PARTIALLY TRANSMITTING
MIRRORS



U.S. Patent JuL1,198  Sheet 150f21 4,597,638

FlG 28
r -d |
TTTTTT 430
S . g - — - S .ﬂ D
LY ) ) 428 |
424 49) 421 423
- 434 .
/460 _ 462
PARTIALLY TRANSMITTING MIRRORS
FI629
470~ k- c4 o
] 408
4211 /42|
| S - —7 = D
_ ]
424 g4t 466 423
' PARTIALLY

TRANSMITTING MIRRORS

. FlG. 30
SECOND, SWITCHING
~ BEAM

472 o
N ,J475

\

— nnnn—'

FIRST INCIDENT TRANSMITTED

~ BEAM BEAM
470 ' ' 476

O
~J
MO



~ U.S. Patent jul 1, 1986

| >
o >
£
FIG.3/] Z
e
' Z
-
L
{.-...-
e
=
m.
=
<T
(o
—
Fl1G.322
- B R F
5.
pd
]
=
=
-
L
[-_.
=
b
)
-
<
o
l._.
FIG. 33
532

Sheet 16 of 21 4,597,638

i |
312 O4
?’MSIG
D7
- 510
oy
L_—~400
o
' |
N 5004 +-502 | 504
| || -
*~ ) I, I I
147 I “MIN " MAX
- INCIDENT  INTENSITY
d "___"5"5;" UPPER GUIDING
"0 s p—d 506 -AER
\\\\\xd f\.\‘*\‘x 536
\\\\\\\‘- e — N \x\‘a\\ \
NN AN NN = _L—-—-V\\‘:‘-\
\:\\x \ \: — x\\\\\\\\.\\
53() 524 520 LOWER GUIDING

' LAYER
_ ~CONTROL LIGHTBEAMS |
540



U.S. Patent jul 1,1986 Sheet 17 of 21 4,597,638

550 o - -
& s
) s ' 568
UPPER GUIDING CONT%%LAN'{'GHT
| LAYER - _
Y - 969
. NN hh\x\ \\'\:\ ;‘\ \‘:t\ N : m.// = - —, N\ I \\\
\\\\ MRS \;}kg\ GO E f\\\x N N
N N T e e RN
\ NN \\ﬂ"\x}“‘“ ;\\\ N E _y//,\\,‘%\\\ \
_ 50 - 558 553 564 562 566 552
LOWER GUIDING SUBSTRATE
LAYER
F1G. 35 - 588
_ CONTROL LIGHT
B ~ BEAM
1586 \
7 583 ALE.
580~ ) . .:_._:- — 282
DIODE [/ 585 = 584
LASER [l - - \ .
587 QUTPUT LIGHT

1 BEAM
589



- U.S. Patent Jul. 1, 1986 Sheet 18 of 21 4,597,638

 CONTROL LIGHT
- BEAM

GIZ%
597
60
XN 598 _ 604
N 592
' | = = 608
506 —~— '\
OUTPUT 7 i | 599 006
'LIGHT BEAM ¢, #f
. CONTROL
LIGHT BEAM -

FIG. 37




U.S.Patent Jul1,1986  Sheet190f21 4,597,638

F/16G.38
- 708
MIRROR 1723
706 -
OUTPUT
o oo
MOW IN FABRY- PEROT
CAVITY

: . ' 2;2 722
H1HO~ 4 | | |
o CONTROL BEAM
124
720«J

|
SN

L ASER 2




" U.S. Patent Jul. 1, 1986 Sheet 20 of 21 4,597,638

FIG. 39
~ POLARIZATION SWITCH

CONTROL LIGHT
BEAM 82

802 \ S
O ) o
by TTTTTIIZZA 4

~ INPUT LIGHT — §22 ~

= OUTPUT LIGHT
Sk G 812 /132—4_. BEAM 820
- Y88 T K ' '
804 800
- FI6. 40 '
- ~ NONLINEAR INTERFACE
- C%NETARSL ' ~ REFRACTED LIGHT
847 ' BEAM 840

| ",#;)UNDARY

INPUT LIGHT - _
BEAM 836 - CREFRACTED LIGHT

~ BEAM 838




- U.S. Patent JjuL1,198  Sheet21of21 4,597,638

FlG. 4/
WAVE GUIDE COUPLER

T 0T 2

\ 860 / 862
\\//g _

e o0

covtroL | (| L '

LIGHT BEAM F oA --
861 .

- / 52\

T




4,597,638

1
NONLINEAR OPTICAL APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION 5

This application 1s a continuation-in-part of my co-
pending application, Ser. No. 470,722, filed Feb. 28,
1983 now abandoned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to nonlinear optical devices,
and more particularly to nonlinear optical devices in-
corporating nonlinear optical materials formed from
alternate layers of charge carrter and charge barrier
materials which form multiple quantum well (MQW)
structures, and incorporating low diode lasers as a light
source. |

2. Description of the Prior Art

Heretofore at room temperature nonlinear optical
materials have required more power than is available
from a milliwatt range solid state laser in order to satu-
rate their absorption and thereby cause their index of
refraction to vary with incident light intensity.

Nonlinear effects of light intensity on the index of
refraction may be represented by the expression

10

15

20

235

n=nr-+nyl

: : : : . 30
where n 1s the index of refraction of the material, ny is
the low intensity index of refraction, I is the intensity of
the incident light beam in, for example, units of
Watts/cm?, and nj, is the coefficient of nonlinearity of
the material and may be expressed in the units 45
cm?/Watt. |

Measurements of nj at a wavelength of 1.06 microns
for a number of materials were reported by Moran et al.
in the article “Interferometric Measurements of the
Nonlinear Refractive Index Coefficient Relative to CS; 44
in Laser System Related Materials”, in the JEEE Jour-
nal of Quantum Electronics, Vol OE-11, June 1975, p.
259, and showed that n> for the material CS, is from 10
to 100 nimes larger than for a variety of materials used in
laser construction. Moran et al. give ny;=3.10—14 44
cm?/Watt for CS>;. A measurement of the third order
noniinear susceptibility of silicon at a wavelength of
1.06 microns was reported by Jain et al. in the article
“Degenerate Four-Wave Mixing Near the Bandgap of
Semiconductors™ in Applied Physics Letters, Vol. 35, 5g
September 1979, p. 454, as 8.10—8 esu, and this value is
equivalent to a value of ny=3.5X10—10cm?2/Watt. The
above values of nj are too small to make the above
materials useful in a nonlinear optical device in which a
milliwatt diode laser i1s used as the light source.

An optical bistable Fabry-Perot cavity containing a
saturable absorber 1s described by A. Szoke, in U.S. Pat.
No. 3,813,605 1ssued to A. Szoke on May 28, 1974,
Szoke suggests using a COj laser at a wavelength of 10.6
microns with SFg gas as the saturable absorber, and also
suggests using a CW He-Ne laser but does not suggest a
saturable absorber for the He-Ne laser. Szoke further
suggests using the Fabry-Perot cavity and nonlinear
absorber to produce short time duration optical pulses,
as an optical amplifier inverter, as an optical Schmidt
trigger, and as an optical flip-flop. However, the de-
vices taught by Szoke use absorption saturation and not
nonlinear refractive index changes.

35

65

2
A bistable optical interface was described by P. W.

Smith et al. in the article “Optical Bistability at a Non-
linear Interface” in Applied Physics Letters, Vol. 35,
December 1979 at p. 846. There, a glass to CS; interface
was employed, and an incident intensity of 7.5 10%
Watt/cm? was required to destroy the total reflection.
A gain, this light intensity 1is too great to make the bista-
ble interface usable with a milliwatt diode laser.

(ibbs et al. in the article “Optical Bistability in Semi-
conductors” in Appl. Phys. Letters, Vol. 35, September
1979, at p. 451, observed optical bistability in a device
comprising a 4.1 micron-thick layer of GaAs sand-
wiched between two 0.21 micron layers of Gag ssAlp.-
42As layers in a temperature range of 5° to 120° K. The
exciton peak was at approximately 818 nanometers.
Bistability occurred at incident optical intensity of ap-
proximately 1.0 to 1.5 milliwatts/square micron, but
above 120° K. the bistability disappeared.

Gibbs et al. in the article “Room Temperature Exci-
tonic Optical Bistability in a GaAs-GaAlAs Superlative
Etalon” in Appl. Phys. Letters, Vol. 41, August 1982, at
p. 221, observed optical bistability in a multiple quan-
tum well device used in a bistable Fabry-Perot cavity,
and these authors disclosed the above-mentioned bista-
ble Fabry-Perot cavity using a MQW in the Optical
Sciences Center Oscillations, published by the Optical
Sciences Center of the University of Arizona, No. 229,
on Mar. 26, 1982. The MQW device taught by Gibbs et
al. comprised 61 periods; each period containing a 336
Angstrom GaAs layer and a 401 Angstrom layer of
Gag.73Alp.27As, at a temperature of 300° K. Dielectric
coatings were deposited on both surfaces to increase
reflectivity to nearly 90 percent between 820 to 890
nanometers. Bistability was observed at 300° K. at a
wavelength of 881 nanometers and at an input light
intensity between approximately 70 milliwatts and 100
milliwatts focused to a spot size of 5-10 micron diame-
ter. Again, the light intensity used by Gibbs et al. ex-
ceeds the intensity which can be conveniently supplied
by a milliwatt power diode laser.

SUMMARY OF THE INVENTION

The foregoing problem, the design of optical devices
with intensity dependent index of refraction materials
used in conjunction with the low light intensities sup-
phed by available diode lasers, have been solved in
accordance with the present invention. The present
invention teaches the use of a multiple quantum well
(MQW) structure 1n conjunction with a milliwatt power
level diode laser light source for the design of optical
devices which depend upon the nonlinear index of re-
fraction of the MQW.

A nonlinear optical apparatus which provides optical
signal processing such as amplification, bistable opera-
tion, phase shifting, phase matching, laser mode lock-
ing, switching, etc., 1s provided. The nonlinear element
is a multiple layer heterostructure which is made from a
charge carrier semiconductor material having a narrow
bandgap energy and a charge barrier material having a
wider bandgap energy than the charge carrier material.
The two materials are alternately deposited one upon
the other to form multiple alternating layers. Such a

- multiple layer heterostructure is called a multiple quan-

tum well (MQW) because a charge carrier within a
layer of narrow bandgap matenial is trapped in a quan-
tum potential well, and there is provided a multiple
number of such quantum potential wells. Although the
use of just two materials as described above is usually
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most convenient, a more general description of the
MQW is as follows: A multiple layer heterostructure
having first and second material layers having first and
second bandgaps, respectively, and a semiconductor
layer having a third bandgap and being positioned be-
tween said material layers, the bottom of the conduc-
tion band of said semiconductor layer being below the
bottom of the conduction bands of said material layers,
and the top of the valence band of said semiconductor
layer being above the tops of the valence bands of said
material layers. The MQW has a sharp resonant peak
its optical absorption curve. A light source which illu-
minates the MQW is restricted to emit light photons of
energy near the energy of the sharp resonant optical
absorption peak. Other light sources emitting photons
which may be at other energies may also illuminate the
MQW. The production of charge carriers by absorption
of the photons within the charge carrier semiconductor
material is thereby promoted. Means are provided for
directing the light photons emitted by the, at least one,
light source into the multiple layer heterostructure
whereby the light photons may saturate the optical
absorption coefficient at low incident intensity, and
thereby cause the index of refraction of the mulitiple
layer heterostructure to vary with the incident light
intensity. Also provided is means for varying an illumi-
nation intensity within the multiple layer heterostruc-
ture in order to vary an optical absorption and an index
of refraction of the multiple layer heterostructure for
light photons.

It is an aspect of the present invention to provide
optical devices which depend upon the saturation of
optical absorption of MQW structures at low light in-
tensities at room temperature such as bistable switches,
optical amplifiers, passive laser mode lockers, optical
switches, waveguide coupler switches, and other low
power optical signal processing devices.

It is a further aspect of the present invention to pro-
vide MQW structures for which the resonant optical
absorption, believed to be due to exciton absorption,
may be tuned to photon energies which are useful in
optical fiber communication systems. Tuning may be
accomplished, for example, by adjustment of alloy com-
positions in order to adjust the height of the bandgap of
the MQW materials, and, for example, by adjustment of
the thickness of the narrow bandgap material in the
MQW in order to adjust the exciton binding energy.

‘A still further aspect of the invention is to provide
saturation of absorption at an optical frequency near an
exciton resonance by use of a second light source which
provides photons which are absorbed by the MQW
structure. The absorbed photons from the second light
source produce charge carriers within the MQW struc-
ture and thereby saturate the exciton absorption. Also,
the frequency of the second light source need not be
near the exciton resonance.

It is a still further aspect of the present invention to
provide nonlinear optical devices which will operate
with the low intensity available from diode lasers.

It is a still further aspect of the present invention to
provide integrated optical devices in which signal pro-
cessing MQW structures and also diode lasers may be
grown on the same substrate.

Other and further aspects of the present invention
will become apparent during the course of the follow-
ing description and by reference to the accompanying
drawings.
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4
BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a perspective drawing showing a multiple
quantum well structure mounted on a substrate;

FIG. 2 is a perspective drawing showing details of a
multiple quantum well structure of FIG. 1;

FIG. 3 is an end view of the multiple quantum well
structure of FIG. 2;

FIG. 4 is a graph of the optical transmission of a
multiple quantum well structure and also bulk GaAs;

FIG. 5 is a graph of the optical transmission of a
multiple quantum well structure at different tempera-
tures;

FIG. 6 is a graph showing optical absorption versus
the intensity of an incident light beam for both a multi-
ple quantum well structure and bulk GaAs;

FIG. 7 shows the halfwidth at half maximum for the
low energy exciton resonant peak plotted versus tem-
perature;

FIG. 8 shows the band structure of GaAs near the
zero momentum point, and including an exciton level;

FIG. 9 shows the band structure of GaAs plotted as
a function of momentum wave vector;

FIG. 10 is a graph of the width of the bandgap of
Al,Gai_»As as a function of mole fraction x;

FIG. 11 shows in real space the band structure of
GaAs compared with the band structure of AlyGaj.xAs
at the zero momentum point;

FIG. 12 shows the variation of the index of refraction
with photon energy;

FIG. 13 shows the relation between optical absorp-
tion and index of refraction for a Lorentzian line given
by the Kramers-Kronig relationship;

FIG. 14 shows in real space the band structure at the
zero momentum point of a multiple quantum well made
from GaAs and Al,Gai.xAs;

FIG. 15 is a graph showing lattice constant versus
bandgap for a variety of alloy compositions;

FIG. 16 is a graph of the bandgap energy of Inj.x.
yGaxAlyAs versus Al content y;

FIG. 17 is a graph of optical absorption versus pho-
ton energy for a typical optical fiber used in a lightwave
communication system;

FIG. 18 is a graph of optical dispersion versus photon
energy for a typical optical fiber used in a hightwave
communication system;

FIG. 19 is a diagram of a MQW structure using Inj.x.
yGaxAl,As, with different bandgap compositions in
alternate layers;

FI1G. 20 is a three-dimensional representation of (Gay.
In;.xPyAsi.y bandgap energy plotted along the vertical
axis versus mole fraction composition plotted in the
horizontal plane; |

FIG. 21 is a chart showing ranges of emission wave-
length for materials nseful in making MQW structures;

FIG. 22 is a graph showing optical transmission data
taken using a GaAs-Al,Gaij.xAs MQW and fits to the
data; :

FIG. 23 is an end view of a multiple layer heteros-
tructure;

FIG. 24 is an end view of a multiple layer heteros-
tructure and shows capping layers;

FIG. 25 is a side view of a bistable Fabry-Perot cavity
showing mirrors parallel to the MQW layer planes;

FIG. 26 is an operating curve of a bistable Fabry-
Perot cavity;
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FIG. 27 1s a side view of a bistable Fabry-Perot cavity
showing mirrors made by forming and treating the
exterior surfaces of a MQW;

FIG. 28 is a side view of a bistable Fabry-Perot cavity
with focusing mirrors;

FIG. 29 is a side view of a bistable Fabry-Perot cavity
with focusing mirrors made by forming and treating the
exterior surfaces of a MQW;

FIG. 30 1s a bistable Fabry-Perot cavity with a sec-
ond switching optical beam;

FIG. 31 i1s an operating curve for a bistable Fabry-
Perot cavity which utilizes two optical beams;

FIG. 32 1s an operating curve for a nonlinear Fabry-
Perot cavity showing amplification;

FIG. 33 1s a bistable Fabry-Perot cavity with mirrors
perpendicular to the layer planes of a MQW,;

FIG. 34 1s a diode laser and a MQW grown on the
same substrate, with BFPC mirrors perpendicular to the
layer planes;

FIG. 35 1s a diode laser and a MQW grown on the
same substrate with BFFPC mirrors parallel to the layer
planes, and an optical fiber waveguide;

FIG. 36 1s a diode laser and a MQW grown on the
same substrate with an optical waveguide;

FIG. 37 is a schematic diagram showing the light
beam reflection geometry of FIG. 36;

FIG. 38 is a schematic diagram showing control of a
diode laser output by a BFPC;

FIG. 39 is a schematic showing a cross section of a
polarization switch; |

FIG. 40 i1s a schematic showing a cross section of a

nonlinear immterface; and |
FIG. 41 is a schematic showing a waveguide coupler.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

EXAMPLE 1

Referring to FIG. 1, there is shown a GaAs-Al,Gi.
xAs MQW device 100. The MQW device 1s made of a
substrate 110 upon which is mounted a MQW structure
120. The substrate 110 1s made of GaAs. A lower cap
layer 118 of AlxGai.xAs 1s epitaxially grown upon the
substrate 110. The MQW structure 120 1s epitaxially
grown to the upper surface of the layer of AlxGaj.xAs
118. An upper cap layer 124 of Al,Gai.xAs 1s epitaxially
grown to overlay the MQW structure 120. A section
114 of substrate 110 is removed in order to expose lower
cap layer 118 and provide access to MQW structure 120
by incident light beam 116. Alternately, substrate 110
may be removed entirely and MQW structure 120
mounted upon a transparent support. MQW structures
may be made either with or without cap layers 118 and
124.

- The MQW structure 120 is shown 1in FIG. 2 in an
expanded view. Layers of GaAs 130-1 to 130-N are
alternated with layers of AlxGai.x134-1 to 134-N. Con-
venient choices for the dimensions of the structures in
the MQW are, for the thicknesses of the GaAs 130-1 to
130-N layers 0.01 micron, for the thickness of the Al,.
Gai-xAsli34-1 to 134-N layers 0.01 micron, and for the
thickness of the GaAs substrate 110 approximately 100
microns. The thickness of the Al,Gaj;.xAs layer 118
may conveniently be chosen as approximately 1 micron,
and also the thickness of the Al,Gaj.xAs layer 124 may
be chosen as approximately 1 micron. The side dimen-
sions of the substrate 110 may be chosen conveniently as

dimension 140 approximately 1 to 5 millimeters and
dimension 142 as approximately 1 to 5 millimeters. The
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MQW structure 120 then has layer planes of GaAs
130-1 to 130-N whose length and width are approxi-
mately 1 to 5 millimeters and whose thickness is approx-
imately 0.01 microns. Also the alternate layers of Als.
Gai.xAs134-1 through 134-N have the same ratio of
length and width to thickness, that is, 1 to 5 millimeters
in length and width and approximately 0.01 microns in
thickness. Thus, the MQW structure comprises essen-

tially plane layers of GaAs 130-1 to 130-N interleaved
with plane layers of Al,Gai.xAs134-1 to 134-N. The
alternate layers of GaAs 130-1 to 130-N and Al,Ga;.
xAs134-1 to 134-N may be deposited using, for example,
molecular beam epitaxy using methods as, for example,
taught by Dingle et al. in U.S. Pat. Nos. 3,982,207,
4,205,329, and 4,261,771. Epitaxial growth of heteros-
tructures is further described in the reference book by
Casey and Panish, “Heterostructure Lasers Part B:
Materials and Operating Characteristics”, at Chap. 6,
pp. 71-1535, and molecular beam epitaxy is particularly
discussed at pp. 132-144, Academic Press, New York,
1978.

A light beam 116 is focused upon a first surface 141 of
layer 118. The beam is focused to a spot 143, shown on
the upper side of the layer 124 as spot 143. The light
beam 1s produced by light source 136. Light source 136
may conveniently be chosen as, for example, a laser
whose wavelength is tunable. Light emerges from the
MQW structure as exit beam 144. Exit beam 144 strikes
detector 146. Detector 146 measures the intensity of
light beam 144 which exited from the MQW device 100.
The position of light source 136 and detector 146 may
be interchanged. The frequency of the photons emitted
by hight source 136 may be varied. By measuring the
intensity of the transmitted light using detector 146, 1t 1s
possible to measure the optical transmission of the
MQW device 100, the primary contribution to which 1s
the optical transmission of MQW structure 120.

Referring to FIG. 3, an end view of the MQW struc-
ture 120 of FIG. 2 is shown. The Al Gaj.xAs layers
134-1 to 134-N are shown interleaved with alternate
layers of GaAs 130-1 to 130-N.

Referring to FIG. 4, a typical graph of the optical
transmission of MQW device 100 1s shown plotted ver-
sus both the photon wavelength along the bottom scale
149 and the photon energy along the top scale 151. The
MQW absorption curve 150 shows peaks 154 and 156
indicating resonant absorption at a wavelength of ap-
proximately 848 nanometers and at approximately 842
nanometers. The data shown in curve 150 was taken
using experimental apparatus at a temperature of 300°
Kelvin. In comparison, optical absorption curve 152 for
bulk GaAs is shown also taken at 300° Kelvin. Refer-
ring to the optical absorption of the MQW curve 150,
the absorption peak 154 at 848 nanometers and the ab-
sorption peak 156 at approximately 842 nanometers are
thought to arise from exciton structures within the
MQW. Band-to-band transitions with some excitonic
enhancement are thought to account for the remainder
of the optical absorption curve 150. The scale 162 on

- the righthand side of FIG. 4 gives the optical absorption

63

coefficient for the MQW structure curve 150. The
curve shows an optical absorption approaching zero at
wavelengths longer than 850 nanometers, with a sharp
rise to an absorption peak 154 of approximately
3.5 103 cm~—1, and a rapid fall in optical absorption at
approximately 845 nanometers t0 a minimum 164 and a
small rise in absorption at 842 nanometers at peak 156.
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The optical absorption then remains approximately
constant as the energy of the photons in the light beam
increases until the next absorption rise 160. The differ-
ence between the optical absorption of the bulk GaAs
and the MQW structure 120 is thought to arise from
trapping of charge carriers within the GaAs layers of
the MQW. The bulk GaAs exciton absorption depends
upon exciton levels whose energy 1s too close to the
bandgap to resolve the individual peaks at 300" K. The
excitons of the MQW structure 120 are thought to have
greater binding energy because of interactions arising
from the thinness of the GaAs layers.

Referring to FIG. §, curve 170 gives the optical ab-
sorption of the MQW device 100 at a temperature of
300° Kelvin. Further, curve 172 gives the optical ab-
sorption of a similar device 100 at a temperature of
approximately 97° Kelvin. The energy of the exciton
absorption peak in curve 170 is seen to differ from the
low temperature absorption peak in curve 172 in that
the absorption peak 172 is shifted to shorter wave-
lengths, and both excitonic peaks in curve 172 are
sharper and more pronounced than at 300° Kelvin.
Referring to FIG. 7, the halfwidth of the lower energy
exciton peak 154 in FIG. 4 is shown at half maximum of
the peak, and is shown in curve 155 plotted versus the
temperature at which the data was taken. Curve 155 in
FIG. 7 shows that the exciton absorption 1s sharper at
temperatures below room temperature of approxi-
“mately 300° K., but that the resonance 1s not too broad
to be lost in the interband transitions at temperatures of
300° K.

Referring to FIG. 6, the effective optical thickness of

the MQW structure mounted on substrate 100 is shown
plotted versus the intensity of incident light beam 116.
For curve 182, the incident light beam 116 1s adjusted to
coincide with peak 154 in the optical absorption curve
150 in the MQW structure 120 mounted on a substrate
110. For curve 180, the incident light beam 116 is ad-
justed to coincide with peak 13§ in the optical absorp-
tion curve 152 in a similarly mounted bulk GaAs sam-
ple. The intensity of light beam 116 was varied by vary-
ing source 136. The effective optical thickness of the
sample measures the total attenuation of the light beam
as it traverses the sample. Curve 180 shows the effective
optical thickness of a bulk sample of GaAs. Curve 182
shows the effective optical thickness of the MQW de-
vice 100. The effective average intensity of light beam
116 is plotted along the lower margin 184 of FIG. 6 and
is shown to vary from approximately 30 W/cm? to
approximately 50,000 Watts/cm2. The total incident
power in beam 116 is plotted along the upper margin
186 of FIG. 6 and 1s shown to vary from 0.01 to approx-
imately 50 milliwatts. A comparison of the effective
optical thickness of bulk GaAs and MQW device 100 at
an incident light power of 0.1 milliwatts is shown by
lines 187, 187-A, 187-B. The effective optical thickness
of the bulk GaAs shown in curve 180 is shown to de-
crease from a value of approximately 2 to a value of
approximately 1.9 at an incident power of approxi-
mately 0.1 milliwatts, an approximate change in effec-
tive optical thickness of (2.0-1.9)/2=5%. In contrast,
the effective optical thickness of the MQW device 100 1s
seen to vary from approximately 0.75 to approximately
0.63 as the incident power varies from zero to 0.1 milli-
watts, for a percentage change of approximately
(0.75-0.63)/0.75=16%. The decrease in effective opti-
cal thickness with increasing beam intensity is attributed
to saturation of the optical absorption of the material,

>

10

15

20

23

30

35

40

45

50

35

60

65

8

and is commonly referred to as a nonlinear absorption.
The large saturation exhibited by the MQW structure
120 at low light intensity makes it feasible to design
nonlinear optical devices using diode lasers as the light
source.

Referring to FIG. 8, the band structure of GaAs is
shown in a simplified diagram. Reference to the GaAs
band structure as shown in FIG. 8 provides insight into
exciton absorption in MQW structure 120. Energy 1s
plotted along the vertical axis 190. The valence band E,
192 and the conduction band E. 194 are shown along
with the energy gap Eg 196. An exciton level 200 is
shown with a binding energy E 5201 measured from the
conduction band 194.

A photon absorption transition 204 from the valence
band 192 to the exciton level 200 is shown. Transition
204 represents an exciton creation transition, and such
transitions are thought to be the cause of resonant ab-
sorption peaks 154 and 156 as shown in FIG. 4. After
the exciton level 200 is formed as a result of photon
absorption, the exciton may break apart and form both
a conduction band electron 206 and a valence band hole
208. The exciton is thought to break apart as a result of
ionization by a lattice vibration phonon which supplies
the necessary energy.

An interband photon absorption transition 220 in
which a conduction band electron 206 and a valence
band hole 208 are formed as a result of photon absorp-
tion is shown. Interband photon transitions 220 are
thought to account for the stepwise rise i optical ab-
sorption of MQW structure 120 as shown 1 FIG. 4.
The interband photon absorption transition 220 1s a
direct transition because of the baNdRstructure of
GaAs.

Referring to FIG. 9, the band structure of GaAs 1is
shown with the energy plotted as a function of momen-
tum wave vector along the [100] and [111] directions in
momentum space. FIG. 9 is adapted from Casey and
Panish in the book ‘“Heterostructure Lasers, Part A:
Fundamental Principles”, at p. 189, Academic Press,
New York, 1978. A direct optical absorption transition
210 is shown near the zero momentum point. Further,
indirect optical absorption transitions 212 and 214 are
shown. Both direct optical absorption processes 1n
GaAs and Al,Gaj.xAs and indirect absorption pro-
cesses in AlGaAs are useful in the present invention.
Both GaAs and Al,Gaj.xAs may be used as a charge
carrier material in different embodiments of the present
invention, and a direct bandgap in the charge carrier
material is useful in the practice of the present mven-
tion. The width of the direct bandgap 216 is shown, and
bandgap 216 corresponds to bandgap 196 shown in the
simplified diagram of FI1G. 8. Exciton level 200 1s
shown below the conduction band and at the zero mo-
mentum point as shown in FIG. 8. Indirect absorption
processes are useful in the wide bandgap charge barrier
material to produce electrons and holes which move
into the narrow bandgap charge carrier material, where
the electrons and holes contribute to saturation of exci-
ton absorption.

Referring to FIG. 10, the width of the bandgap in the
material Al,Gaj.xAs is shown plotted as a function of
the mole fraction x. The energy of the bandgap 1s plot-
ted along the vertical axis 220. The mole fraction x 1s
plotted along the horizontal axis 222. Curve 224 shows
the direct bandgap at the zero momentum point. Curve
226 and curve 228 show two different indirect band-
gaps. The lower bandgap becomes indirect at a mole
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fraction 230 of approximately x=0.42, where the zero
momentum curve 224 crosses curve 226 at point 232.
FIG. 10 1s adapted from Casey and Panish in the book
“Heterostructure Lasers Part A: Fundamental Princi-
ples”, at p. 193, Academic Press, New York, 1978.

Referring to FIG. 11, the bandgap 240 of GaAs and
the bandgap 242 of AlGaj.xAs are shown for an epitax-
ially grown junction 244. Such junctions occur between
the layers of epitaxially grown alternate layers of GaAs
and Al,Gaj.xAs as shown in FIGS. 2 and 3. The va-
lence band edge 246 of Al.Gaj.xAs 1s believed to be
lower in energy than the valence band edge 248 of
GaAs. The conduction band edge 250 of Al,Ga;.xAs is
believed to be higher in energy than the conduction
band edge 252 of GaAs. The total difference between
the two gaps, of GaAs and Al,Gaj.xAs, is believed to be
distributed as approximately 15 percent 245 of the dif-
ference appears as a lowered valence band edge 246 of
Al,Gaj.xAs, and approximately 85 percent 243 of the
difference appears as an increase in the conduction band
edge 250 of AlxGaj.xAs.

Referring to FIG. 12, the low intensity index of re-
fraction of GaAs i1s shown schematically. FIG. 12 illus-
trates the index of refraction of GaAs for photon energy
up to 5 eV. FIG. 12 is adapted from a plot of dielectric
constant given by the reference “Semiconducting and
Other Major Properties of Gallium Arsenide,” J. S.
Blakemore, published in the Journal of Applied Physics,
Vol. 53, No. 10, October 1982 at pages R123, R150. The

exciton range of the spectrum is indicated by circle 257.

Referring to FIG. 13, an example of the variation of
optical absorption 260 and index of refraction 262 with
photon energy i1s shown as the two are related by the
Kramers-Kronig relationship; a Lorentzian lineshape is
used as an illustrative example. The curves of optical
absorption 260 and index of refraction 262 illustrative
generally the variation of these quantities for exciton
absorption over the photon energy range shown by
circle 257. The curves shown in FIG. 13 illustrate figu-
ratively the relationship between optical absorption as
shown in FIGS. 4 and 5 for MQW structure 120 and the
corresponding index of refraction, as that relationship is
given by the Kramers-Kronig relationship using a Lo-
rentzian absorption lineshape.

Curve 260-A represents a large optical resonant ab-
sorption for a fixed low excitation resulting from low
incident light intensity, and a corresponding index of
refraction is shown in curve 262-A. A smaller resonant
absorption is represented by curve 260-B for a higher
fixed excitation resulting from high incident light inten-
sity and the correspondingly smaller index of refraction
1s represented by curve 262-B. A further smaller reso-
nant absorption 1s represented by curve 260-C for a still
higher fixed excitation resulting from still higher inci-
dent light intensity and the correspondingly smaller
index of refraction is represented by curve 262-C.
Curves 260-A, 260-B and 260-C are drawn for different
constant excitation of the medium in order to illustrate
the variation of index of refraction with incident inten-
sity. However, a MQW has a much more complex be-
havior and will differ from the illustration shown in
curves 260-A, 260-B and 260-C.

The vanation of the index of refraction of GaAs with
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ton resonance the Kramers-Kronig model illustrated in
FIG. 13 shows that for photon energy below the reso-
nant energy 265 the index of refraction decreases with
increasing light intensity, while for photon energies
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above the resonant energy 265 the index of refraction
increases with increasing incident light intensity.

For a multiple quantum well, the variation of index of
refraction with light intensity depends upon the interac-
tion of at least one and possibly several exciton reso-
nances with the processes leading to the background
index of refraction. These interactions involve quantum
interference effects which further complicate the de-
tailed variation of the index of refraction with both light
intensity and photon energy. For example, the GaAs-
AlyGaj.xAs MQW, whose measured optical absorption
coefficient is shown in FIGS. 4 and 5, is dominated by
two resolvable exciton absorption peaks superimposed
upon an interband transition background. The decom-
position of the GaAs-AlyGaj.xAs MQW absorption
spectrum into two exciton resonances and an interband
continuum 1s further illustrated in FIG. 22, as is dis-
cussed further below. .

Referring to FIG. 14, the potentials seen by both a
conduction band electron and by a valence band hole
within a MQW structure 120 are shown. Exciton levels
200 and binding energy Ep202 are shown. The conduc-
tion band electron energy barrier AEc 272 i1s shown.
The valence band hole energy barrier AEy 274 1s
shown. A conduction electron produced in a GaAs
layer 130 is trapped in a potential well with sides of
height AEc 272. The magnitude of AEc¢ 272 depends
upon the mole fraction x of Al in the alternate Al,Ga,.
xAs layers 134. Correspondingly, valence band holes
produced within a GaAs layer 130 are trapped by the
energy barrier AE 274 between a GaAs layer 130 and
a AlyGaj.xAs layer 134. Also the magnitude of the
energy barrier AEy 274 depends upon the mole fraction
x of Al present within the AlyGaj.xAs layers 134. 1t is
believed that the fraction AE(AEc+AEy)=0.85 and
the fraction AEWAEc+AEy)=0.15 in an epitaxial
junction between GaAs and AlyGaj.xAs.

Referring to FIG. 135, the curves depict the variation
of both energy gap and lattice constant with variation of
alloy composition for a number of useful binary and
quaternary alloys. AlAs 280 is shown with a lattice
constant of approximately 5.66 Angstroms and a band-
gap of approximately 2.17 Ep. GaAs 282 1s shown with
a lattice constant of approximately 5.655 Angstroms

and a bandgap of 1.42 Ey. The close match of the lattice

constants of GaAs and AlAs permits epitaxial growth of
the substances over a wide range of the mole fraction x
of Al in Al,Gaj.xAs. Thus, layers of useful alloys of
AlxGa).xAs may be grown epitaxially upon layers of
GaAs, and the bandgap of the alloy varied over the
approximate range of 1.42 eV for pure GaAs to 1.95 for

Al,Gaj.xAs with x=0.42.

EXAMPLE 2

-~ A MQW structure 120 may be made by using alter-
nate layers of Al,Gai.xAs with different values of mole
fraction x for the alternate layers, but x unequal to zero
for the charge carrier layers. Values of mole fraction x
should be smaller for the charge carmer layers and
larger for the charge barrier layers in order that energy
barriers at the layer junctions will trap the charge carri-
ers within potential wells at the boundaries of the
charge carrier and barrier layers. However, the most
useful values of mole fraction x for charge carrier mate-
rial lie within the range 0 through approximately 0.42
because for larger values of x, the valence to conduction
band transitions become indirect, as referred to at FIG.
10. A GaAs crystal may be used as the substrate upon
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which alternate layers of AlxGaj.xAs are grown epitaxi-
ally because of the good lattice match. Although a
MQW with alternate layers of two materials (GaAs and
AlyGaj.xAs) provides for a simple structure to fabri-
cate, the general requirements for a MQW provides for
a larger variety of structures. These general require-
ments for a MQW are as follows: A multiple layer hete-
rostructure having first and second material layers hav-
ing first and second bandgaps, respectively, and a semi-
conductor layer having a third bandgap and being posi-
tioned between said material layers, the bottom of the
conduction band of said semiconductor layer being
below the bottom of the conduction bands of said mate-
rial layers, and the top of the valence band of said semi-
conductor layer being above the tops of the valence
bands of said material layers.

EXAMPLE 3

The use of Iny.x.,GaxAlyAs as a material for MQW
construction may be understood by reference to FIG.
15. InP is illustrated at point 286 as having a bandgap of
approximately 1.35 eV 288 and a lattice constant of
approximately 5.870 Angstroms 290. An alloy of a qua-
ternary solution made from InAs and GaAs and AlAs
may be represented by a point within the threesided
figure with boundary 292 drawn from AlAs 280 to
GaAs 282, and boundary 294 drawn between GaAs 282
and InAs 296, and boundary 298 drawn from InAs 296
to AlAs 280. Those alloys which are lattice matched to
InP are represented along the vertical line 300 passing
through the InP point 286. It has been found that lattice
matching occurs for compositions in which mole frac-
tion x and mole fraction y are related by

x+y=0.47x0.01. (1)

The bandgap is expected to be adjustable between those
of Ing s53Gag47As with a bandgap of 0.76 eV, 1.63 mi-
cron, and of IngsyAlgagAs with a bandgap of 1.46 eV,
0.85 micron. This spectral range is useful for optical
communication systems because it contains the region
of lowest absorption loss and of lowest dispersion for
optical fibers, as further shown in FIG. 17, which 1s
explained hereafter. The variation of bandgap with al

content y of Inj.x.yGaxAlyAs lattice matched to InP 1s

shown in FIG. 16. The horizontal axis 310 represents a
plot of y, the mole fraction of Al, and the left side 312
starts at y=0, which represents Ings3Gap47As. The
value of y is plotted through the value 0.48 which repre-
sents Ing 52Alp48As 314. The bandgap of the material 1s
seen to vary from a value at y=0 of approximately 0.76
eV at point 316 through a value of approximately 1.47 at
point 318. The measurements 313 shown 1n FIG. 16 are
more fully discussed in the paper by Olego et al., “Com-
positional Dependence of Band Gap Energy and Con-
duction-Band Effective Mass of Inj.x.,GaxAlyAs Lat-
tice Matched to InP”, in Applied Physics Letter, Vol. 41,
Sept. 1982, p. 476. Solid curve 311 1s a fit to data points
313. Dotted curve 315 is a straight line approximation
drawn between the endpoints 317 of the mole fraction y
range.

Referring to FIGS. 17 and 18, the desirability of
tuning the MQW structure 120 to wavelengths for
which optical absorption is a minimum and optical dis-
persion 1s 2 minimum is explained. Referring to FIG. 17,
there 1s illustrated the optical transmission loss of a
typical Ge0;,-S10; core and B20O3-S10; cladding optical
fiber. The horizontal axis 330 gives a photon wave-
lenvth scale and axis 331 gives a photon energy scale.
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The vertical axis 332 gives the optical signal loss in
decibels per kilometer of fiber. The absorption curve
has a minimum 334 at approximately 1.2 micron and a
second minimum 336 at approximately 1.6 micron. It 1s
convenient to operate a lightwave communication sys-
tem near a wavelength at which optical fiber has a
minimum of loss due to optical absorption, such as at the
first minimum 334 of 1.2 micron or the second minimum
336 of 1.6 micron.

Referring to FIG. 18, the material dispersion for the
typical Ge0;-SiO; core and B203-S10; cladding optical
device is illustrated. The material dispersion 1s given 1n
the units of 10— seconds per kilometer per micron. The
material dispersion is proportional to the derivative of
the index of refraction with respect to light wavelength.
The dispersion 1s seen to pass through zero 340 at a
wavelength of approximately 1.3 micron 342. It is con-
venient to operate an optical communications system at
a wavelength at which the dispersion is near a minimum
in order to prevent pulse spreading during transmission
so that high data rates and short optical pulses may be
utilized. FIGS. 17 and 18 are adapted from the refer-
ence book by Casey and Panish, “Heterostructure La-
sers Part B: Materials and Operating Characteristics,” at
p. 2, Academic Press, New York, 1978.

The use of Inj.x.;GaxAlyAs in MQW construction
with x+y=0.4720.01, with the charge carrier layers
having one value of y and the charge barrier layers
having a second value of y is illustrated in FIG. 19.
Because the bandgap increases for increasing Al mole
fraction y, the charge barrier layers 346-1 through 346-
N +1 must have a larger Al content, and hence larger
value of y than do the charge carrier layers 348-1
through 348-N. The larger bandgap layers form poten-
tial barriers which result in trapping of conduction band
electrons and valence band holes within the smaller
bandgap layers. A lattice of InP 1s shown as a substrate
349 upon which the layers of Inj.x.,GaxAlyAs are epi-
taxially grown.

EXAMPLE 4

The use of GayIn;.xPyAsiy as a material for MQW
construction may be understood by reference to FIG.
15. Compounds of GaxInixPyAsi, may be lattice
matched to a crystal of InP by use of compositions

which fall along the vertical line 300. Compositions of

GaxIni.xPyAsy., which are lattice matched i InP as a
substrate can have bandgap values between approxi-
mately 1.25 eV or 0.99 micron through approximately
0.173 eV or 1.7 micron. This bandgap range covers the
range of 1.2 micron to 1.6 micron for which optical
fibers have minimum losses and mimimum dispersion,
and are therefore particularly useful for making signal
processing devices using MQW structures.

Referring to FIG. 20, a three-dimensional represen-
tion of the compositional dependence of the energy gap
for GaxIn;.xPyAsi.yis given. The vertices of a parallelo-
gram represent InAs at the lower left corner 330, GaAs
at the lower right corner 352, GaP at the right rear
corner 354, and InP at the left rear corner 356. The
compositional mole fractions which are lattice matched
to InP are illustrated at line 358. The bandgap of the
alloy is plotted along the vertical axis, with the bandgap
of InAs at 0.420 eV 360, the bandgap of GaAs at 1.52
eV 362, the bandgap of GaP at 2.34 eV 364, and the
bandgap of InP at 1.42 eV 366. The projection of the
lattice match line 358 on the bandgap surface gives an
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intersection hne 370 which gives the variation in band-
gap for compositions of Galnj.xPyAs;., which are lat-

tice matched to InP. The realizable compositions give a

bandgap range of approximately 1.25 eV through 0.73
eV. Optical transitions are believed to be direct
throughout this mole fraction range. FIG. 20 1s adapted
from the reference book by Casey and Panish, “Hete-
rostructure Lasers Part B: Materials and Operating
Characteristics”, pp. 38-41, Academic Press, New
York, 1978.

EXAMPLE 5
Referring to FIG. 21, the bandgap, expressed as an

10

emission wavelength, of several compounds which are

potentially useful in making a MQW structure 120 and
which may be grown epitaxially as lattice matched to a
crystal substrate are illustrated. These materials are
potentially useful in construction of MQW structures
for use in nonlinear optical signal processing devices.
The requirements for use in MQW construction are that
the materials have different bandgaps so as to form
potential wells in the conduction band and valence
band; may be epitaxially grown with their lattice
matched to the lattice of a substrate crystal; and have
direct optical transitions from valence band to conduc-
tion band for a userful range of mole fractions.

EXAMPLE 6

Detailed optical absorption data for a MQW struc-
ture 120 fabricated from GaAs as the low bandgap
material Al,Gai.xAs as the side bandgap material is
given in FIG. 22. Data points 390 give the measured
optical absorption at room temperature for the MQW
device 100. The data points 390 show a peak of approxi-
mately 12 103 ¢cm—1 at a photon energy of 1.455 eV and
a second peak of approximately 8.5 10° cm~—! at a pho-
ton energy 1.465 eV. The data are fit by three struc-
tures, first an exciton absorption peak 392 of maximum
~ absorption of 11 103 cm—1 at a photon energy of 1.457
eV and linewidth of 0.003 eV, a second exciton peak

15

20

25

30

35

40

394 of maximum absorption of 6.3 103cm—1 at a photon

energy of 1.466 eV and linewidth of 0.003 eV, and
thirdly a continuum absorption curve 396 with a maxi-
mum absorption of 2.8 10° cm—! with a bandgap energy
edge 397 at a photon energy of 1.467 eV and an energy
tall of 0.005 eV. The data shown in FIG. 22 was taken
at an intensity sufficiently low that no saturation of the
absorption would be expected to be visible. A total
fitted curve 398 1s calculated by adding the contribu-
tions of the aforesaid three processes.

EXAMPLE 7
A MQW structure may be made from epitaxially

45

50

grown heterogeneous layers in which the two types of 55

materials used are: first, a narrow bandgap semiconduc-
tor material to form charge carrier layers; and second, a
wide bandgap matenal to form charge barrier layers.
Referring to FIG. 23, there 1s shown epitaxially grown
layers of narrow bandgap semiconductor material 400-1
to 400-N, and alternate layers of epitaxially grown wide
bandgap material 404-1 to 404-N -+ 1. Substrate 406 sup-
ports the alternate layers of narrow bandgap material
400-1 to 400-N and the layers of wide bandgap material
404-1 to 404-N 41, and the layers are grown epitaxially
one upon the other. The epitaxially grown alternate
layers of narrow bandgap semiconductor material 400-1
to 400-N and wide bandgap material 404-1 to 404-N 41
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as shown in FIG. 23 may be conveniently referred to as
a multiple layer heterostructure. |

As an alternate design for a multiple layer heteros-
tructure, there is shown in FIG. 24 capping layers 404-
1A and 404-N+1A. The capping layers 404-1A and
404-N 4 1A are the first and last wide bandgap layers,
and they are made thicker than the layers 404-2 to
404-N which separate layers of narrow bandgap mate-
rial. An internal capping. layer 404-1A may be epitaxi-
ally grown on substrate 406 in order, for example, to
cover over any imperfections in the upper surface 408
of substrate 406. An external capping layer 404-N+1A
may serve to protect the underlying thinner layers from
mechanical injury. Further, the upper surface 410 of
external capping layer 404-N +1A may be shipped or
treated to serve as a partially reflecting mirror, or sur-
face 410 may serve to attach the multiple layer heteros-
tructure 412 to an external device (not shown), or sur-.
face 410 may serve as the side of an optical waveguide
used to direct a beam of light to propagate substantially
parallel to the layer planes 400-1 to 400-N and 404-1 to
404-N +1. Surface 410 and external capping layer 404-
N-+1A, or internal capping layer 404-1A, may serve
additional purposes which will be apparent to those
skilled 1n the art of optical devices.

Capping layers 404-1A and 404-N+1A correspond
to the Al,Gai.x As layers 118 and 124 shown in FIG. 1.
Also the Inj.x.;GaxAl,As multiple layer heterostructure
shown 1n FIG. 19 could be made with capping layers
404-1A heterostructure. Capping layers 404-1A and
404-N + 1A are normally made from the wide bandgap
material which forms the charge barrier layers, and so
additionally serve the function of preventing charges
from leaking out of the narrow bandgap charge carrier
material. |

The narrow bandgap layers 400-1 to 400-N are
charge carrier layers and each layer forms a quantum
well. The width of the quantum well is determined by
the thickness of the narrow bandgap material. The bar-
rier height for the quantum well 1s determined by the
difference between the conduction bands and between
the valence bands of the narrow bandgap material 400-1
to 400-N and the wide bandgap matertal 404-1 to 404-
N-+1. The barrier heights at the junction between epi-
taxially grown narrow bandgap and wide bandgap ma-
terials are shown in FIG. 11 for the GaAs-Al,(Gaj.xAsS
case. In FIG. 11 both the conduction band barrier 243
and the valence band barrier 245 are shown.

The wide bandgap material used for layers 404-1 to
404-N + 1 need not be a semiconductor. The layers must
be epitaxially grown upon the substrate 406, and one
upon the other. The charge carriers produced by pho-
ton absorption within the layers of narrow bandgap
material 400-1 to 400-N then may propagate throughout
the entire epitaxially grown crystal with their motion
limited only by the potential barriers which occur at the
boundaries of narrow bandgap material and wide band-
gap material, as is shown in FIG. 11 and FIG. 14 for the

GaAs-Al,(Gaj.xAs case.

EXAMPLE &

A bistable optical device may be made by using a
Fabry-Perot cavity and a multiple layer heterostruc-
ture. A bistable optical device is useful as an optical
logic unit, memory unit, and for a variety of optical
signal processing applications in an optical computer or
lightwave communication system. The multiple layer
heterostructure serves as the nonlinear optical element



4,597,638

15

in the bistable optical device, referred to hereinafter as
a bistable Fabry-Perot cavity (BFPC). A BFPC may be
understood by reference to FIG. 25. In its simplest form
a Fabry-Perot cavity consists of two plane parallel par-
tially transmitting mirrors 420 and 422 mounted so that
their planes are substantially parallel and illuminated by
a light source 424 which produces an incident light
beam 426 which is directed substantially perpendicular
to the planes of mirrors 420 and 422. Muiltiple reflec-
tions of the part of incident light beam 426 transmitted
by entrance mirror 420 occur between entrance mirror
420 occur between entrance mirror 420 and exit mirror
422 setting up a standing wave pattern within space 432.
The standing wave pattern is produced by interference
between the multiply reflected hght beams within space
432 between mirrors 420 and 422. A transmitted light
beam 428 is produced when the spacing d 430 between
entrance mirror 420 and exit mirror 422 1s an integral
number of one-half wavelengths within the medium
between mirrors 420 and 422. The condition for produc-
ing a transmitted light beam 428 may be expressed as:

(integer) X (A/n)=2d (2)
where the symbols have the meaning: (integer) 1s an
integer suchas 1, 2, 3. .. 10,000, 10,001, . . . etc.; A 1s the
wavelength of the light photons in vacuum; n 1s the
index of refraction of the medium filling the space 432
‘between entrance mirror 420 and exit mirror 422, as-
sumed in this simple expression to be a uniform medium;
‘and d is the distance d 430 between mirrors 420 and 422.
The quantity A/n is the wavelength of the light within
the medium which fills space 432. Simply stated, the
condition for producing an output light beam 428 1s that
an integral number of light one-half wavelengths within
the medium filling space 432 fit within distance d 430,
where d 1s the distance between entrance mirror 420
and exit mirror 422. The condition for standing waves
within distance d 430 may be met even if 2 medium does
not completely fill space 432 so long as the total number
of waves in distance 2d 1s an integral number of waves.
Space 421 between MQW 434 and mirrors 420, 422 may
contain portions of standing waves as well as may
MQW 434, Detector D 433 may be used to measure the
intensity of transmitted light beam 428.

A BFPC may be made by placing a nonlinear medium
within the space 432 between mirrors 420 and 422. As
the intensity of the incident light beam 426 is increased,
the index of refraction n of the nonlinear medium in
space 432 varies. As a value of n is reached which sattsi-
fies the requirement that an integral number of standing
waves exists within distance 24, then the intensity of the
transmitted beam 428 increases greatly. As the intensity
of the incident beam 426 1s reduced, the intensity of the
transmitted beam 428 will remain high as a result of
resonant amplification within the Fabry-Perot cavity,
until the incident intensity is reduced sufficiently that
the index of refraction n of the nonlinear medium
changes enough that strong standing waves cannot be
sustained within the Fabry-Perot cavity. At the inten-
sity that standing waves cannot be sustained within the
Fabry-Perot cavity, the transmitted light beam 428 will

switch to a low intensity. A typical characteristic curve
for the BFPC 1s shown in FIG. 26. The transmittance of
the BFPC is defined as

transmittance = (intensity of transmitted light
beam)/(intensity of incident hght beam)
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The transmitted light beam intensity of a BFPC is plot-
ted along vertical axis 440 versus incident light beam
intensity which is plotted along horizontal axis 442. The
BFPC is illuminated by a low intensity incident light
beam 426 at point A 444. At low intensity illumination,
only a weak standing wave pattern 1s set up between
mirrors 420 and 422. Stated simply, the light wave-
length within the medium inside space 432 is not reso-
nant with the cavity dimension d 430. As the intensity of
incident light beam 426 is increased, the transmittance
passes through' point B 446, untii at point C 448 the
index of refraction n of the nonlinear medium in space
432 has changed sufficiently that strong standing waves
are set up within space 432, and therefore at point C 448
the transmittance makes a sudden jump to point D 450.
Further increases in intensity of incident light beam 426
carry the transmittance to point E 452. Reducing the
intensity of incident light beam 426 causes the transmit-
tance to pass first from point E 452 to point 1D 450 and
then to point F 454 and finally to point G 456, at which
intensity strong standing waves cannot be sustained
within space 432 because the index of refraction has
varied too much, and consequently the transmittance of
the BEPS switches to its low value at point H 458. The
BFPC remains in its high transmittance condition as the
incident light beam intensity 426 is reduced from point
D 450 to point F 454 and finally to point G 456 because
resonant amplification within the Fabry-Perot cavity
maintains sufficient intensity within space 432 to main-
tain the index of refraction adequate for maintenance of
strong standing waves within space 432. A BFPC using
bulk GaAs as the nonlinear material was disclosed by
Gibbs et. al. in the paper “Optical Bistability in Semi-
conductors”, Applied Physics Letters, Vol. 35, pp. 431,
453, Sept. 1979. However, bistable action was observed
only in the temperature range from 5° K. through 120°
K. and bistability disappeared above a temperature of
120° K., and also a switching intensity of about 200
milliwatts focused to a spot size of approximately 10
micron diameter for an intensity of approximately 1
milliwatt per square micron was necessary.

A clever and unexpected advance taught by the pres-
ent invention is the use of an MQW 434 as the nonlinear
element in a BFPC. An ideal nonlinear element for a
BFPC is provided by a MQW with an absorption level
shifted down from the conduction band by a sufficient
multiple of the linewidth of the exciton resonance that it
affords a resonant absorption peak at room temperature,
and also the aforesaid resonant absorption peak satu-
rates at low light intensities.

Referring to FIG. 8, there 1s shown an exciton energy
level 200 with binding energy Ep201. By making the
layers of narrow bandgap semiconductor material suffi-
ciently thin, the exciton binding energy Ep201 may be
increased to a sufficient multiple of the linewidth for
temperatures in the T=300° K. range. When the bind-
ing energy Ep201 1s a sufficient multiple of the line-
width at room temperature, then the resonant absorp-
tion transition 204 1s observable at room temperature, as
is shown by peak 154 in FIG. 4 which gives the absorp-
tion spectrum of a MQW. Exciton absorption transition
204 saturates at low light intensity as shown in curve
182 in FIG. 6, and therefore leads to significant varia-
tions in index of refraction of the MQW at low light
intensities. Stated simply, the value of np for a MQW at
room temperature 1s large.



4,597,638

17

A short explanation for the large ny of a MQW is:
first, the exciton production transition 204 shown in
FIG. 8 1s observabie at room temperature because the
binding energy E 5201 is increased to a sufficient multi-
ple of the linewidth by the thinness of the narrow band-
gap material and also the quantum wells formed by the
alternate layers of narrow and wide bandgap materials;
second, the exciton, once formed, is ionized by a lattice
vibration phonon to form an electron 206 in the conduc-

tion band 194 and a hole 208 in the valence band 192;

third, a negative feedback mechanism operates in which
the electron 206 and the hole 208 act to reduce the
probability for an exciton forming absorption transition
204; fourth, the decrease in absorption is accompanied
by a change in index of refraction of the MQW. The
mechanism of inhibiting exciton forming transitions 204
may be activated by producing conduction band elec-
trons 206 and valence band holes 208 by means other
than exciton production, as for example by direct inter-
band optical transitions 220, or by electrical carrier
injection, etc.

EXAMPLE 9

An alternate design for a BFPC using a MQW 1s
shown in FIG. 27. Entrance mirror 420A and exit mir-

ror 422A are partially reflecting mirrors made by depos-
iting a layer of reflective material on a planar side of
MQW 434. The external surfaces of MQW 434 are
shaped to be substantially planar, parallel to the layer
planes of MQW 434, and parallel to each other. Then a
layer of reflecting material may be deposited on one or
both opposite planar sides of MQW 434 in order to
increase the reflectivity of surfaces 420A and 422A.

EXAMPLE 10

An alternate design for a BFPC using MQW 434 as
the nonlinear element 1s shown in FIG. 28. The Fabry-
Perot cavity i1s formed from focusing mirrors 460 and

462.

EXAMPLE 11

An alternate design for a BFPC using MQW 434 is

shown in FIG. 29. Focusing mirrors are made by shap-
ing the external surfaces of MQW 434 to form curved
surfaces 464 and 466. Dotted lines 468, 470 show a

contour which represents material which may be re-

‘moved from flat capping layers 404-1A and 404-N+1A.

as shown 1in FIG. 24 in order to form curved mirror

surfaces 464 and 466. A layer of reflecting material may

be deposited on mirror surfaces 464 and 466 in order to
increase the reflectivity of surfaces 464 and 466.

EXAMPLE 12

A BFPC may be used as an optical switch as shown

in FIG. 30. A first incident light beam 470 which is
arranged to be transmitted by a BFPC 472 may be
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switched from a condition of low transmission to a

condition of high transmission by a second switching
light beam 474. Simply put, the BFPC 472 1s switched
from low to high transmission by second light beam
474. After the switching is accomplished, the second
light beam 474 may be turned off and the BEPC 472
remains in the high transmission state with the first light
beam 470 maintaining sufficient illumination in the
BFPC to prevent it from switching into the low trans-
mission state. Alternatively, a BFPC may be switched
mnto a low transmission state by reducing the illumina-
tion below the threshold needed to maintain resonance
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within the BFPC. Bistable switching may be under-
stood by reference to the operating curve shown in
F1G. 31. The coordinate axes are displayed as shown in
FIG. 26. Incident light beam 470 maintains the BFPC
472 at point O 480 by being adjusted to intensity I, 482.
Switching beam 474 increases the illumination within
the BFPC to I, 484 and brings the BFPC to operating
point P 485, and therefore causes the BFPC to switch to
the high transmission state at illumination intensity I
486. Turning switching beam 474 off then causes the
operating point to shift to point H 488, at which the
BFPC 472 remains in the high transmission state. If the
first incident beam 470 1s reduced in intensity below the
intensity I 490, then BFPC 472 will switch into its low
transmisston state. Room temperature operation of the
BEFPC and bistability may be achieved using a diode
laser light source by using a MQW 4785 as the nonlinear
element of the BFPC 472.

EXAMPLE 13

A nonlinear optical device may be made using a
Fabry-Perot cavity containing a MQW, and will be
referred to as a nonlinear Fabry-Perot cavity (NFPC).
The MQW serves as the nonlinear optical element of
the NFPC. The NFPC does not exhibit optical bistabil-
ity with the light intensity utilized, and may therefore
be distinguished from the BFPC. The physical structure
of the NFPC is similar to that of the BFPC, and a
NFPC may be represented by FIG. 25 or FIG. 27 or
FI1G. 28 or FIG. 29. The NFPC is obtained from the
structure shown in FIG. 25 or FIG. 27 or FIG. 28 or
FI1G. 29 by adjusting operating parameters such as the
reflectivity of mirror 420, the reflectivity of mirror 422,
the distance d 430 between the reflecting surfaces, the
Iinear index of refraction n;z, the nonlinear index of
refraction nj, the linear absorption coefficient a, and the
nonlinear absorption coefficient ajy, in order to adjust
the gain. A mathematical treatment of the operation of
a Fabry-Perot cavity is given by Miller in the article
“Refractive Fabry-Perot Bistability with Linear Ab-
sorption: Theory of Operation and Cavity Optimiza-
tion”, in IEEE Journal of Quantum Electronics, Vol.
QE-17, No. 3, March 1981, page 306, and bistable opera-
tion of a Fabry-Perot cavity is further described by
Miller et al. in the article “Optical Bistability in Semi-
conductors’, IEEE Journal of Quantum Electronics,
Vol. QE-17, No. 3, March 1981, page 312.

An optical amplifier may be made using a NFPC, and
room temperature operation with a diode laser may be
obtained by using a MQW as the nonlinear element of
the NFPC. Referring to FIG. 2§, an optical amplifier
using a single light beam may be made. An operating
characteristic for a NFPC used as an optical amplifier is
shown in FIG. 32. Incident light beam 426 is considered
to have two components: a time independent intensity
component Iy 500; and a fluctuating intensity compo-
nent in which the intensity varies as a function of time.
The fluctuating intensity component causes the inten-
3ioy of incident light beam 426 to vary from I, 302 to
Imax 504. Thus the time independent component Iy 500
biases the NFPC so that the light wavelength within the
Fabry-Perot cavity is almost at resonance. The fluctuat-
ing component of incident light beam 426 drives the
NFPC between two operating points, the low operating
point Oy 506 and the high operating point Og 508. The
transmitted beam 428 will fluctuate in intensity between
a low intensity of Iy 510 and a high intensity of Iz 512.
The difference between the minimum and maximum
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incident intensity, D; 514, is less than the difference in

transmitted intensity fluctuations, D7 516, because of

the steep part of the characteristic curve near the inten-
sity at which the NFPC switches from low transmission
to high transmission. The NFPC amplifier gain 1s de-
fined as:

Gain=(D7/D)). (3)
Stated simply, the NFPC provides gain in the fluctua-
tions of a single incident light beam which has a time
independent component of sufficient intensity to bias
the NFPC near its switching intensity. The NFPC using
a MQW as the nonlinear optical element will work at
room temperature using a diode laser light source.

EXAMPLE 14

An alternate embodiment of an optical amplifier em-
ploys a NFPC and two incident light beams. Referring
to FIG. 30, there is shown a NFPC 472 with an incident
light beam 470 and a second light beam 474. In the
bistable optical switch, light beam 474 served as a
switching beam. Light beam 470 may be used as a time
independent intensity beam which biases the NFPC to
the neighborhood of intensity I;500 as given in FIG. 32.
Light beam 474 may then be a weak beam of light with
a varying intensity. The sum of time independent com-
ponents of the two light beams biases the NFPC 472 to
- point I7 500. The varying component of light beam 474
causes the illumination of NFPC 472 to vary between
intensity Inin 502 and I,,4x 504. The transmitted beam
476 will then vary in intensity between a low intensity
I; 510 and a high intensity Iy 512. The total incident
intensity then has fluctuations of amount D;514 and the
transmitted intensity has fluctuations of amount D 7316,
and the gain of the two light beam optical amplifiers 1s
given by

Gain={D71/Dj). (4)

EXAMPLE 15

An optical amplifier may be made using a NFPC in
which incident light beam 470 has intensity fluctuations
and light beam 474 has a time independent intensity,
such that the time independent components of the two

light beams 470 and 474 bias the NFPC to operating
point I; 500 as shown in FIG. 30 and FIG. 32.

EXAMPLE 16

An alternate design for a NFPC or BFPC 519 may be
understood by reference to FIG. 33. A MQW 520
serves as the nonlinear element of the NFPC or BFPC
519. Entrance mirror 522 is made substantially perpen-
dicular to the layer planes 524 of MQW 520. Also exit
mirror 526 1s made substantially perpendicular to the
layer planes 524 of MQW 520. A lLight waveguide with
upper guiding layer 528 and lower guiding layer 530
serves to guide incident light beam 532 into the cavity
519 with the propagation direction substantially perpen-
dicular to mirrors 522 and 526 and also substantially
parallel to layer planes 524 of MQW 520. Standing
waves are set up in the space between entrance mirror
522 and exit mirror 526 when the intensity of incident

light beam 532 is great enough so that the index of

refraction of MQW 520 causes the photon wavelength
within MQW 520 to have an integral number of waves
within distance D 534 separating mirrors 522 and 526.
Transmitted light beam 536 is transmitted by cavity 519.
BFPC 519 has an operating characteristic as shown in
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FIG. 26, and undergoes a transition to a high transmis-
sion state at point C 448 as a standing wave pattern 1s
developed within BFPC 519 as a result of varying the
intensity of incident light beam 532. Also, BFPC 519
shows a transition to a low transmission state at point G
456 as the intensity of incident light beam 3532 is re-
duced. A BFPC or NFPC in which the incident light
beam 532 is directed parallel to the MQW layer planes
as in BFPC 519 may be used to construct optical ampli-
fiers, switches, etc., as discussed hereinabove. For ex-
ample, a control light beam 540 may be directed at
MQW 520 from a convenient direction for the purpose
of making optical switches, amplifiers, etc. Often in-
cluded in the nonlinear optical apparatus 1s a means for
varying an illumination intensity within the multiple
layer heterostructure in order to vary an optical absorp-
tion and an index of refraction of the multiple layer
heterostructure for light photons.

EXAMPLE 17

Referring to FIG. 34, there 1s shown a diode laser 550
grown upon substrate 552. Light beam 553 produced by
laser 550 propagates through the optical waveguide 556
defined by the upper guiding layer 558 and the lower
guiding layer 560. Light beam 553 impinges upon and
enters MQW 562. MQW 562 may be used in a Fabry-
Perot cavity by use of entrance mirror 564 and exit
mirror 566. Both the diode laser 550 and the MQW 562
may be grown on the same substrate 552. In the embodi-
ment shown in FIG. 34, the substrate 552 may serve as
the lower guiding layer 560 for the optical waveguide
556. Control beam 568 may be used to switch output
beam 569, as an input beam with intensity modulation to
be amplified onto output beam 569, or for other optical
control purposes. A great advantage to the use of an
MQW as taught by the present invention 1s that the
materials out of which the layers of the MQW are fabri-
cated are the same or quite similar materials out of
which diode lasers are fabricated. It 1s therefore very
natural to grow diode lasers and MQW structures on
the same substrate. A further natural advantage of the
use of the same or similar materials for diode lasers and
MQW structures for nonlinear optical signal processing
devices is that the light frequency produced by the
diode laser will be the required frequency for operation
of the MQW., The diode laser output frequency and the
exciton absorption frequency can be tuned to match
each other.

EXAMPLE 18

Referring to FIG. 35, there is shown an embodiment
of a diode laser 580 and an MQW 582 grown on the
same substrate 584. Optical fiber 586 serves to guide the
output light beam from diode laser 580 to MQW 582.
The light output from optical fiber 586 1s directed so
that it propagates substantially perpendicular to the
layer planes of MQW 582. MQW 582 may be used 1n a
Fabry-Perot cavity using entrance mirror 583 and exit
mirror 585, and may be used as either a BFPC or an
NFPC. The output light beam 589 may emerge from
MQW 582 through exit window 587. Control light
beam 588 may be used to vary the illumination intensity
within MQW 582.

EXAMPLE 19

Referring to FIG. 36, there is shown a diode laser 590
and a MQW 592 grown on the same substrate 594. Light
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beam 396 which emerges from diode laser $90 is guided
by optical waveguide 598 to impinge upon MQW 592 in
a direction approximately perpendicular to the layer
planes of MQW §92. The output light beam emerges
through exit window 600.

Surface 604 1s obtained by cleaving or etching the
bulk crystalline material 605. For example, in a GaAs-
AlxGaj xAs device, surface 604 is obtained by cleaving
or etching the GaAs crystalline material 605 along the
[111] crystalline plane to form angle 606 at ~54°, Other
crystallographic planes may be conveniently chosen
from which mirrors can be made at other values of
angle 606. Surface 604 serves as a mirror to reflect light
beam 596. Surface 604 may be coated as shown by layer
608 to improve the reflectivity of surface 604. Surface
604 may conveniently be coincident with a crystallo-
graphic plane, as, for example, the GaAs [111] plane,
and reflected beam §97 will in general not be directed
perpendicular to substrate 894 or to the layer planes of
MQW §92. For example, in the GaAs case, angle 601
between reflected beam 5§97 and line 599 drawn perpen-
dicular to the substrate §94 will be substantially 18°.
Referring to FIG. 37, the reflective geometry is shown
schematically for the GaAs case in which line 596A
represents light beam 596, line 604A represents surface
604, along the [111] crystallographic plane, and angle
606A 1s determined as 54° by the crystallographic struc-
ture of GaAs. Line 597A represents reflected beam 597,
and reflective angle 601A 1s shown to be 18°, However,
because reflective angle 601, 601A is small, the electric
field vector of reflected light beam 596, 597 will have its
major component parallel with the planes of MQW 592.
Further, waveguide 598 will guide reflected beam 596,
597 into MQW §92 in a direction substantially perpen-
dicular to the layer planes of MQW 592. Other crystal-
lographic materials may have angle 606 at a different
value from 54°, however, because waveguide 598 will
guide reflected beam 596, 397 in a direction substan-
tially perpendicular to the layer planes of MQW 592,
the major component of the electric field vector of
reflected beam 596, 597 will be parallel to the layer
planes of MQW 592. The index of refraction of the
material within waveguide 598 is normally chosen to be
less than the index of refraction of the crystalline mate-
rial 605 1n order to achieve optical guiding within wave-
guide 598. Control light beam 612 may be used to con-
trol the illumination intensity within MQW 592.

EXAMPLE 20

Referring to FIG. 38, there is shown control of an
output beam 700 arising from a laser 1 702. The direct
output beam 704 from laser 1 702 passes through mirror
706 and NFPC 708. The output beam 710 from laser 2

720, after reflection from mirror 706, switches the trans-

mission of NFPC 708 by causing the index of refraction
of MQW 722 to change. Additionally, control light
beam 724 may be used to switch the transmissivity of
NFPC 708. When control beam 724 is employed to
switch the transmission of NFPC 708, then output beam
700 may be a mixture of beam 704 from laser 1 702 and
beam 710 from laser 2 720. In FIG. 38 the layer planes
723 of MQW 722 are shown substantially parallel to
entrance mirror 726 and exit mirror 728. Alternatively,
the layer pianes of MQW 722 may be arranged substan-
tially perpendicular to entrance mirror 726 and exit

mirror 728, as shown in FIG. 33 and FIG. 34.
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EXAMPLE 21

Referring to FIG. 39, there is shown an exemplary
embodiment of the invention as a polarization switch.

- An exemplary embodiment of a polarization switch is a

multiple quantum well with a light beam directed sub-
stantially parallel to the layers. Components of the elec-
tric field of the light beam may be resolved either paral-
lel to or perpendicular to the layers of the multiple
quantum well. The optical absorption is in general dif-
ferent for the two components. Also, the index of re-
fraction is in general different for the two components.
In addttion, the variation in both optical absorption and
index of refraction for the two components is different,
where the variation is caused by variation in the internal
illumination intensity within the quantum well layers.
Thus the quantum well layers have a complex form of
birefringence. The device, therefore, is a means for
selectively controlling the different components of po-
larization of the incident light beam. |

In FIG. 39, MQW 800 lies between optional optical
waveguide cladding layers 802, 804. Input light beam
806 propagates in direction 810. The layer planes 812 of
MQW 800 are oriented substantially parallel to the light
propagation direction 810. A component of the electric
field of the input light beam may be oriented perpendic-
ular to the layer planes 812, as along axis 814. Also a
component of the electric field of the input light beam
may be oriented parallel to the layer planes 812, as along
axis 816. The electric field of the output light beam 820
may correspondingly be resolved into a component
perpendicular to the layer planes 812 as along axis 822,
and into a component parallel to the layer planes 812 as
along axis 824. The optical transmission of MQW 800
for the two components 814, 816 is different, as is also
the index of refraction. Both the optical transmission
and index of refraction may be caused to change by
varying the internal illumination of MQW 800. The
changes of both absorption and index of refraction will,
in general, be different for the two polarization compo-
nents 814, 816 of mput light beam 810. Thus, by select-
ing the polarization of input light beam 8186, it 1s possible
to selectively control the intensity of the separate polar-
ization components 822, 824 of output light beam 820.
The above analysis 1s stated in terms of rectangular
resolution of the electric field of the light beam. Also
circular polarization or elliptical polarization of the
input light beam 806 could be used 1n a corresponding
analysis of the birefringence of MQW 800, and also the
variation of the birefringence with internal illumination
intensity of MQW 800. The change in internal illumina-
tion of MQW 800 can be made by changing the intensity
of incident light beam 806, or by use of an external
control light beam 826. The use of control light beam
826 1s optional.

EXAMPLE 22

Referring to FIG. 40, there is shown an exemplary
embodiment of the invention as a nonlinear interface. A
nonlinear interface i1s a boundary between two materi-
als, and the boundary can be switched between a state
of total internal reflection and a state of transmission.
Switching 1s done by changing the index of refraction of
one of the materials by varying the intensity of illumina-
tion within the material. Either the intensity of the inci- |
dent beam may be used to control the index of refrac-
tion, or an external control light beam may be used to
control the index of refraction.
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Boundary 830 is formed between the two material
layers 832, 834. Input light beam 836 enters material
layer 834 and strikes boundary 830 where it reflects to
make reflected beam 838. Total internal reflection oc-
curs at boundary 830 if the appropriate conditions are 5
met. When the conditions for total internal reflection
are met no refracted beam 840 is produced. Refracted
beam 840 is shown as a dashed line because it 1s not
produced under conditions of total internal reflection.
The condition for total internal reflection is that & be

greater than 6; as defined below:

10

ni sin 81=n3 (5)
Here, n1 is the index of refraction in the first material
layer 834, @ is the angle of incidence in material layer
834 relative to the normal to the interface, and nj3is the
index of refraction in the second material layer 832. In
an embodiment in which input light beam 836 is the
only light beam incident on material layers 832, 834,
then the intensity of input light beam 836 1s caused to
change. The change in intensity causes a change 1n the
index of refraction of material layer 834. The change in
index of refraction changes the boundary 830 with re-
spect to the condition for total internal reflection, and
causes the boundary to switch from a state of transmis-
sion to a state of total internal reflection, or vice-versa.

In a state of total internal reflection, the intensity of
- reflected light beam 838 is large, and when boundary
- 830 is switched to a state of transmission then refracted
light beam 840 carries away light energy and the inten- 30
sity of reflected light beam 838 drops by a correspond-
ing amount. Conversely, when the index of refraction of
material layer 834 changes so that the condition for total
internal reflection is met at boundary 830, then the
intensity of reflected light beam 838 increases greatly
because no energy propagates along the direction of
refraction.

An alternative mode of operation i1s to use control
light beam 842 to cause the variation of the index of
refraction. A control light beam can be used to cause a
~variation in the index of refraction of either materal
layer 834 or material layer 832. A MQW is an ideal
material to use for the material layer in which the index
of refraction is caused to vary by a change in internal
i1llumination intensity.

EXAMPLE 23

Referring to FIG. 41, there i1s shown an exemplary
embodiment of the invention as a waveguide coupler. A
waveguide coupler i1s a variable index of refraction
material located between at least two optical wave-
guides. When the index of refraction has one value the
light beam is coupled into one waveguide. When the
index of refraction has another value, the light beam 1is
coupled into another waveguide. A multiple quantum
well 1s ideally suited as the material with a variable
index of refraction. FIG. 41 shows an exemplary em-
bodiment in which two waveguides are coupled and
light enters along one of the waveguides.

Light enters the waveguide coupler 830 along wave-
guide 852. A material 854 has a variable index of refrac-
tion. For one value of the index of refraction light
leaves the waveguide coupler 850 along waveguide No.
1, 860. For a different value of the index of refraction
light leaves the waveguide coupler 850 along wave-
guide No. 2, 862. A MQW is ideal for use as the material
854 with a variable index of refraction. In FIG. 41 the
planes of the layers are oriented perpendicular to the
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plane of the drawing. The index of refraction of the
MQW can be changed by a change in the internal illum-
ination of the MQW. The internal illumination can be
changed either by a change in intensity of the input light
beam, or by use of a control light beam 864. A control
light beam can be made to enter the MQW from outside
of waveguide coupler 850, or can be directed along one
of the waveguides 852, 860, 862, 866. The optical fre-
quency of the control light beam may be the same as the
optical frequency of the input light beam, or the optical
frequency of the control light beam may differ from
that of the input light beam.

THEORY

The present invention discloses the use of a MQW as
the nonlinear element in a bistable optical device, par-
ticularly a BFPC or NFPC. The MQW has a number of
desirable features including: (1) a resonant absorption
peak in the MQW optical absorption spectrum which i1s
observable at room femperature as a separate peak oc-
curring at an energy below the interband transitions; (2)
the resonant absorption is saturable at low light inten-
sity: (3) the saturability is accompanied by a variation in
the index of refraction; (4) the materials used to make
the MQW are the same as those used to make heteros-
tructure diode lasers, and so the laser and the MQW can
be grown on the same substrate to form an integrated
optical system; (5) the absorption peak of the MQW
may be tuned to a convenient energy by varying the
alloy composition of the layers of the MQW or by vary-
ing the thickness of the narrow bandgap layers; (6) the
optical absorption of the MQW may be controlled using
a second light source to saturate the resonant absorp-
tion, and the second light source need not emit light at
the resonant absorption frequency; and other useful
features.

It is believed that the resonant absorption which

makes the MQW useful in nonlinear optical devices at
room temperature is due to absorption accompanied
with exciton creation. There follows an explanation of
observed MQW optical properties in terms of an exci-
ton absorption model.
- A MQW may be made by building up alternate layers
of a narrow bandgap semiconductor material and a
wide bandgap material. The narrow bandgap material
then serves as a charge carrier material. Charge carriers
are produced within the narrow bandgap semiconduc-
tor material by photon absorption. The wide bandgap
material serves as a charge barrier maternial. The narrow
and wide bandgap materials are grown epitaxially one
upon the other in thin layers of only a few tens to hun-
dreds of Angstroms thickness. Many alternate layers of
narrow and wide bandgap materials are employed in
fabricating a MQW structure. The layers of wide band-
gap material serve as charge barrier planes which trap
the charge carriers within the thin layers of narrow
bandgap materials.

Optical resonance absorption peaks 154 and 156 are
observed at room temperature in the MQW absorption
spectrum as shown in FIG. 4 in a GaAs-Al,Gai.xAs
MQW. The low energy resonance 154 is observed to
saturate at low incident light intensity, as shown in FIG.
6. This resonance is believed to be due to an exciton
formed in the charge carrier, or narrow bandgap, mate-
rial. The exciton is formed simultaneously with the
absorption of a photon in the narrow bandgap material,
as shown by transition 204 in FIG. 8. An exciton is an
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electron and a hole bound together by Coulomb attrac-
tion such as an electron is bound to a proton in a hydro-
gen atom. The exciton is formed within a solid and so
the dielectric constant of that solid affects the binding
energy of the exciton. |
The exciton level 200 is shifted away from the con-
duction band of the narrow bandgap material by an
amount equal to the exciton binding energy Ep 201. For

bulk GaAs the exciton binding energy is approximately
4.2 meV and the orbit radius is approximately 140 Ang-
stroms. The binding energy of the exciton Ep 201 is
increased as a result of quantum effects arising from
trapping of charge carriers within the thin layers of the
narrow bandgap material. Layers of narrow bandgap

d

10

material with thickness of the order of the diameter of 15

an exciton orbit radius in bulk samples of the narrow
bandgap material are employed. This increased binding
energy Ep 201 of the exciton and the consequent in-
creased shift of the exciton level below the conduction
band makes the exciton absorption resonance transition
204 observable at room temperature in an MQW. In a
particular embodiment, the layers of GaAs were 102
Angstroms, the layers of Alp.28Gag 72As were 207 Ang-
stroms, the heavy hole exciton binding energy was 9
meV with an exciton orbit radius of 60 Angstroms, and
exciton peaks were observed at resonant energies of
approximately 1.463 electron volts and 1.474 electron
volts. The 1.463 eV resonant peak 1s thought to arise
from the “light hole exciton” and the 1.474 eV resonant
peak i1s thought to arise from the “heavy hole exciton”.
In a material such as GaAs in which there is more than
one valence band, each valence band may serve to form
an exciton, and a terminology which emphasizes the
effective mass of the hole 1s used to distinguish the
different possibilities such as the “heavy hole exciton™
or the “light hole exciton”.

An exciton, once formed as a result of photon absorp-
tion, has a relatively short lifetime at room temperature.
The exciton 1s most probably ionized by a lattice vibra-
tion phonon at room temperature. The mean time to
1onization of an exciton by a phonon is estimated to be
0.4% 10— 12 sec. in GaAs at room temperature.

Enough layers of narrow bandgap material are uti-

hzed to supply the necessary optical absorption for
device design. The resonant exciton absorption leads to
"~ a frequency dependent index of refraction which is
related approximately to the aforesaid absorption by the
Kramers-Kronig relationship as shown in FIG. 13.
Further, the absorption of light by production of
excitons 1s believed to saturate at low light intensities
because excitons which are formed by absorption of a
light photon have a short lifetime at room temperature.
The exciton 1s 1onized by a phonon which supplies the
necessary energy. The exciton breaks apart upon ioniza-
tion mto a conduction band electron 206 and a valence
band hole 208 as shown in FIG. 8. The lifetime of the
conduction band electron and valence band hole is
believed to be rather long at room temperature, approx-
imately 21.10—7 sec. in the GaAs layers of MQW at
room temperature. Therefore the population of elec-
trons and holes will build up as more and more excitons
are created by photon absorption and destroyed by
phonon 1onization. However, conduction band elec-
trons and valence band holes comprise mobile charges
within the semiconductor material. These charges af-
fect the dielectric constant of the semiconductor mate-
rial and thereby interfere with the formation of more
excitons through a screening effect. Thus as excitons are
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created, they are believed to break apart and the result-
ing electrons and holes interfere with the production of

- more excitons. A negative feedback mechanism is there-

fore operative in which the creation of excitons makes
further production of excitons less probable, and the
resonant optical absorption decreases. The resonant
optical absorption decreases when the rate at which
excitons are formed exceeds the rate at which free elec-

trons and holes recombine with a consequent increase in
the population of conduction band electrons and va-
lence band holes which behave as free charge carriers.

In summary, optical absorption which depends upon
creation of excitons saturates with increasing light in-
tensity. Saturation occurs because a previously formed
exciton breaks apart forming an electron and hole
which interfere with and partially prevent the forma-
tion of new excitons. - |

Additional mechanisms by which exciton absorption
may saturate include exciton-exciton collisions and also
exhaustion of potential exciton-forming states in the
conduction and valence bands. However, these mecha-
nisms are believed to be unlikely at temperatures above
=~150" K. due to rapid ionization of excitons.

A second beam of light may be used to increase the
density of charge carriers within the narrow bandgap
semiconductor material and therefore reduce the proba-
bility of exciton formation. A control beam 474 is
shown in FIG. 30, a control beam 540 is shown in FIG.
33, and control beams are also shown in FIGS. 34, 35,
and 36. The MQW can then be used as a light valve in
which its optical transmission is controlled by a second
beam of light. The second beam of light undergoes
photon absorption by any process, such as interband

absorption or exciton absorption and therefore pro-

duces conduction band electrons and valence band
holes. These conduction band electrons and valence
band holes are free charge carriers which interfere with
exciton production.

The energy of the photons in the second beam of light
may exceed the bandgap energy, Eg 242 as shown in

'FIG. 11 and FIG. 14, of the wide bandgap charge bar-

rier material. Charge carriers produced in the wide
bandgap material by photon absorption will interfere
with exciton production especially once they have mi-
grated into the charge carrier material, and therefore
reduce the resonant absorption due to exciton produc-
tion. It 1s believed that as the resonant optical absorp-
tion decreases due to saturation effects, the index of
refraction will also vary with the reduced absorption as
given by the Kramers-Kronig relationship, and as
shown tn FIGS. 12 and 13.

Useful materials for making a multiple layer heteros-
tructure include the following: GaAs/AlGaAs; Al-
GaAs/AlGaAs; InGaAs; InGaAlAs; InGaAsP;
HgCdTe; GaSb; AlGaSb, other III-V semiconductor
materials and alloys, and Si and Ge. |

It is to be understood that the above-described em-
bodiments are simply illustrative of the principles of the
invention. Various other modifications and changes
may be made by those skilled in the art which will
embody the principles of the invention and fall within
the spirit and scope thereof.

What is claimed is:

1. A nonlinear optical apparatus comprising:

a multiple layer heterostructure having first and sec-

ond material layers having first and second band-
~ gaps, respectively, and a semiconductor layer hav-
ing a third bandgap and being positioned between
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said material layers, the bottom of the conduction
band of said semiconductor layer being below the
bottom of the conduction bands of said material
layers, and the top of the valence bands of said
semiconductor layer being above the tops of the 5
valence bands of said material layers, the thickness
of said semiconductor layer being sufficient for
carrier confinement effects within said semicon-
ductor layer to influence the optical properties of
said multiple layer heterostructure, and said multi- 10
ple layer heterostructure being such that exciton
absorption and interband absorption are resolved at
room temperature;
means for illuminating said multiple layer heteros-
tructure with light photons having an optical fre- 15
quency capable of causing absorption transitions
between energy levels, said energy levels being
influenced by said carrier confinement effects; and

means for varying an illumination intensity within
said multiple layer heterostructure in order to vary 20
an optical absorption and an index of refraction of
said multiple layer heterostructure for said light
photons.

2. A nonlinear optical apparatus as in claim 1 further
comprising: 25

a Fabry-Perot cavity and said multiple layer heteros-

tructure is located inside said Fabry-Perot cavity.

3. A nonlinear optical apparatus as in claim 2 wherein
said Fabry-Perot cavity is tuned to make a bistable
optical device. 30

4. A nonlinear optical apparatus as in claim 2 wherein
said Fabry-Perot cavity is tuned to make an optical
amplifier.

5. A nonlinear optical apparatus as in claim 9 wherein
said Fabry-Perot cavity is tuned to make a nonlinear 35
optical device.

6. A nonlinear optical apparatus as in claim 2 wherein
said Fabry-Perot cavity is made from two mirrors
formed by shaping and treating the exterior of said
multiple layer heterostructure. - 40

7. A nonlinear optical apparatus as in claim 1 wherein
said multiple layer heterostructure 1s made using GaAs.

8. A nonlinear optical apparatus as in claim 1 wherein
said multiple layer heterostructure is made using Al-
GaAs. 45

9. A nonlinear optical apparatus as in claim 1 wherein
said multiple layer heterostructure is made using In-
GaAs. |

10. A nonlinear optical apparatus as in claim 1
wherein said multiple layer heterostructure is made 50
using InGaAlAs.

11. A nonlinear optical apparatus as in claim 1
wherein said multiple layer heterostructure 1s made
using InGaAsP. |
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12. A nonlinear optical apparatus as in claim 1
wherein said multiple layer heterostructure is made
using HgCdTe.

13. A nonlinear optical apparatus as in claim 1
wherein said multiple layer heterostructure 1s made
using Si. |

14. A nonlinear optical apparatus as in claim 1
wherein said multiple layer heterostructure is made
using Ge.

15. A nonlinear optical apparatus as In claim 1
wherein said multiple layer heterostructure i1s made
using GaSb.

16. A nonlinear optical apparatus as in claim 1
wherein said multiple layer heterostructure is made
using AlGaSh.

17. A nonlinear optical apparatus as in claim 1
wherein said means for illuminating said multiple layer
heterostructure comprises an optical waveguide.

18. A nonlinear optical apparatus as in claim 1
wherein said means for varying an illumination intensity
comprises an optical waveguide arranged to direct light
into said multiple layer heterostructure.

19. A nonlinear optical apparatus as in claim 1 further
comprising a substrate

in which both the multiple layer heterostructure and

a laser diode are mounted on said substrate.
20. A method for controlling the intensity of an out-
put light beam comprising the steps of:
directing at least one light beam into a multiple layer
heterostructure so that it exits as said output light
beam; |

controlling the optical absorption and index of refrac-
tion of said multiple layer heterostructure by con-
trolling the illumination intensity within said multi-
ple layer heterostructure in order to control the
intensity of said output light beam;

said multiple layer heterostructure having first and

second material layers having first and second
bandgaps, respectively, and a semiconductor layer
having a third bandgap and being positioned be-
tween said material layers, the bottom of the con-
duction band of said semiconductor layer being
below the bottom of the conduction bands of said
material layers, and the top of the valence bands of
said semiconductor layer being above the tops of
the valence bands of said material layers, the thick-
ness of said semiconductor layer being sufficient
for carrier confinement effects within said semicon-
ductor layer to influence the optical properties of
said multiple layer heterostructure, and said multi-
ple layer heterostructure being such that exciton
absorption and interband absorption are resolved at

room temperature.
* % % %k %
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